Abstract: -This paper proposes a practical method for identifying wheeling paths in deregulated electricity markets based on an extended sensitivity analysis. Using this method, it becomes possible to fix the proper and fair wheeling rate according to the degree of responsibility of each power flow transaction. Moreover, a wheeling rate based on the real power flow responsibility is also an important signal to new power suppliers in the markets. In order to show the validity of the proposed method, a series of simulations on the IEEE 30 bus test system were conducted.
Introduction
There is a trend toward competitive markets in the electric power industry all over the world. In Japan, although the deregulation of electricity is being implemented mainly in the wholesale power market, partial retail wheeling is allowed. In other words, any party (player) who is in the business of supplying electricity to the market can supply it to its customers, not only from its own generators but also from the market, selling both inside and outside their regions. High voltage customers can purchase power from either existing regional utility companies, or new power suppliers. Since the pricing for these purchases is not regulated, bilateral contracts between suppliers and customers may be negotiated and arranged. However, if electricity based on the bilateral transactions uses the grid owned by the regional utility company, the wheeling rate must be paid to the grid owner. Under such circumstances, appropriate setting of the wheeling rate is one of the critical issues for both suppliers and grid owners in deregulated electricity markets [1] . Several methodologies to determine wheeling rates, such as postage stamp, contract path, distance based MW-mile, and power flow based MW-mile have been proposed and deeply investigated [2] [3] [4] . However, since in the aforementioned methods, the use of transmission lines and time variable load flows are not modeled sufficiently, a wheeling rate reflecting the transmission line condition (change by time and a day of week) is preferable in order to obtain a fair rate. In this paper, we propose an efficient method for identifying wheeling paths based on an extended sensitivity analysis. Using this method, it becomes possible to fix the proper and fair wheeling rate according to the degree of responsibility of each power flow transaction. The proposed method has four advantages compared with the existing transmission routes identification techniques. (i): The proposed approach incorporates the concept of generation distribution factor [5] [6] [7] into the sensitivity analysis, which can take the consideration of not only variable loads but also generator characteristics (generation capacity, speed regulation, and dispatching strategies) and load characteristics (voltage and frequency elasticity, constant power features) under various conditions. (ii): Comparing with most of the techniques which target to identify wheeling path from single generator to single customer [8] [9] [10] , the proposed method can identify multiple wheeling paths accurately, i.e., any combination among the generators and the customers, such as single to single, plurality to single, single to plurality and plurality to plurality. This approach is applicable to the situation where new power suppliers have more than two generators and there are many customers in the market. (iii): The computational complexity of the proposed method is approximately equivalent to one iteration of power flow calculation, and is computationally efficient. (iv) There is no special assumption, and also no additional theoretical error except numerical error. The paper is organized as follows. In the next section, the sensitivity and generation distribution factor is described. In section 3, in order to identify the wheeling paths of any combination among generators and customers, the sensitivity factor concept introduced in section 2 is expanded. Then, wheeling paths identification technique and the algorithm that uses the extended sensitivity method are described. In section 4, in order to show the validity of the proposed method, several simulations on the IEEE 30-bus test system are conducted and numerical results are described. Section 5 concludes the paper.
Sensitivity
in Power System Operation
Sensitivity analysis in power systems
To determine the sensitivity factor, firstly, is necessary to develop the sensitivity matrix of power flow [11] . The power flow of the general N-node Tbranch power system is described by a set of N simultaneous complex equations.
( )
where k P and k Q represent active and reactive power generations of the node-k , respectively. In addition, k C and k D represent active and reactive power demands of the node-k , respectively. Let the voltage vector k E at node-k be expressed in polar form and the admittance kα Y in rectangular form.
The following 2N equations ( 0
) are obtained dividing (1) in the real part and the imaginary part.
For simplicity, the variables and parameters involved in (2) and (3) are defined with two vectors: (i) Dependent variable vector X (2N dimensional vector). Here, vector X comprises unknown variables in a usual power flow calculation.
(ii) Controllable variable vector U (M dimensional vector). This is a M-dimensional vector comprising the operating (manipulated) variables in system analysis and control. Using the two vectors X and U defined above, (2) and (3) can be rewritten as the simple vector (4).
where G is a 2N-dimensional column vector function with
Suppose that in a N-node power system, the operating condition is such that 0 X X = for a specified control vector
Since the pair of vectors 0 X and 0 U satisfies the power flow (4), 
Δ is taken to be very small, then the variance X Δ is generally small. By applying Taylor's series expansion [12] to (6) 
where X G , U G are the Jacobian matrix of G with respect to dependent variable vector X and controllable variable U . From (5), as the first term of (7) is zero
or more concretely in the form 
Like (7), the Taylor series expansion [12] of (12) with ( ) 0 0 U , X as the reference state and neglecting higher order terms in X Δ and U Δ yields
The sensitivity ( )
Let F be the line power flow from node-k to node-m . When the line power flow from node-k to node-m is assumed to be km km jQ P + , the line power flow is given by:
is given by following general form.
( ) 
θ and m θ to the unit amount of change in a regulating device, which is already known as the elements of the sensitivity matrix S . Thus the sensitivity constants for line power flows and line currents can be calculated from (14).
Generation distribution factor
Next, we describe generation distribution factor [5, 11] , which plays an important role in identifying wheeling paths for the cases with two or more wheeling contracts. The possibility to identify wheeling paths for multiple contracts is an important advantage of the proposed method. Generation distribution factor represents the effect of a one-per-unit change in the output of a generator on line currents and line power flows. This factor is also a useful measure for generation shifting in preventive and emergency control. In generation shifting, the power balance between generator outputs must be maintained. Policy of maintaining power balance in the system is incorporated using redistribution coefficients defined as follows:
Here, the constraint on power balance is described by:
where lm P Δ is the change of the active power of generator l -th caused by the change of the active power f is the rated frequency.
lm K is referred to as the redistribution coefficient. When generation shifting is determined by (17), the imbalance of real power is redistributed in accordance with each generator characteristic, e.g., capacity, speed regulation, etc. In (17), if the speed regulation of each generator is the same, the imbalance is redistributed proportionally to each generator capacity. Furthermore by assigning 1 to a particular lm K , the l -th generator is intended as the slack generator.
Identifying Wheeling Paths by an Extended Sensitivity Method
While the method described in section 2.1 only identifies wheeling path between single generator and single customer [13] , by incorporating generation distribution factor described in section 2.2 into sensitivity, the proposed method can identify multiple wheeling paths accurately, i.e., any combination among the generators and the customers, such as single to single, plurality to single, single to plurality and plurality to plurality. In this section, firstly by extending the sensitivity method described in section 2.1, we describe how to incorporate the characteristics of power system. Next, we describe how to incorporate also generation distribution factor in the sensitivity analysis. Finally, the method of identifying wheeling paths and the algorithm to solve it are described.
Sensitivity matrix including system characteristics
In the extended sensitivity method proposed here, generator characteristics (generation capacity, speed regulation, and dispatching strategies) and load characteristics (voltage, frequency elasticity and constant power features) can be taken into account by modifying the sensitivity matrix in the process of Jacobian derivations. Inclusion of system characteristics requires the modification of the power flow equation expressed by (4) . Let the power flow of the general power system be described by the simple vector equation.
where ( )
is 2N-dimensional vector function of U . Vector U and X are the same as defined in section 2. By the introduction of the functions ( )
, defined anew, various kinds of system characteristics in the power system can be modeled. As in (7), suppose that the dependent variable vector X changes from 0 X to X X 0 Δ + in accordance with the change of controllable vector by U Δ , then
Therefore, the sensitivity matrix of the power system expressed by (19) is given by:
The Jacobian matrices X G and U G are computed in the same way as in (9) . On the other hand, to X and U exist, these modification terms can be computed easily. (21) is the fundamental equation for determining various basic data to be used in system operation. Each basic data is obtained in a systematic way from the modified sensitivity matrix by simply changing the modification terms representing the system characteristics.
Power flow modification
When generation distribution factor is computed, minor modifications of power system equations are necessary by introducing coefficient lm K . In the generation shifting, the control variable is m P Δ , the change in m -th generator output. Power flow equations for each node can be modified as follows. 
(ii) Power flow equations for l -th generator node
(iii) Power flow equations for other nodes
where set set Q , P are specified real and reactive power generations. Note that l P is an element for the vector of operation variables U . The Jacobian matrix U G of U is different from U G of section 2, but the Jacobian matrix X G for the dependent variables is the same as X G of section 2.
From the above-mentioned quotation, by using the sensitivity equation expressed by (11) , generation distribution factor can be obtained. Also,
of (24) and
of (21) corresponds to lm K .
Algorithm
The sensitivity matrix for identifying the wheeling paths among any combination of generators and power consumers, including multiple transaction, can be obtained according to the following algorithm.
The proposed method can obtain the sensitivities necessary for identifying the wheeling route by calculating generation distribution factor. Specifically, we compute the generation distribution factor by letting (22) and (23) (26) and (27). Then, by using (21), we can obtain the sensitivities necessary for identifying the wheeling route, by calculating generation distribution factor.
(ii) Wheeling from plural generators to single customer When there are plural generators for wheeling, the value of redistribution coefficient lm K is selected according to the ratio of power outputs among generators to calculate the generation distribution factor by using (21). By the setting method of lm K , it becomes possible to model the generation dispatching strategies. For example, assume that the power supplier has two generators A and B, which supply electricity of wheeling 60% and 40% respectively. (iii) Wheeling from single generator to plural customers and plural generators to plural customers In the case of wheeling to plural customers, the linearity and the superposition are utilized [11, 14] . The related wheeling path is identified easily by investigating the magnitude of sensitivity factors calculated by the above-mentioned procedure. For instance, assume that there are two locations C and D for a customer, which consume the electricity 60% and 40% respectively. Firstly, depending on single or plural generators, (i) or (ii) is used to calculate the sensitivities represented by C and D respectively. Then, the total sensitivity is 0.6C+0.4D. Based on the above discussion, the algorithm to identify wheeling paths can be summarized as follows.
[ 
Application of Identifying Wheeling Paths to a Test System

Configuration and characteristics of a test system
In this section, the sensitivity-based method is applied to a test system to identify wheeling paths in transmission networks. The structure of the IEEE 30-bus system with 19 loads, 4 generators and 41 transmission lines are shown in Fig. 1 , which is used as a demonstration test system in this paper.
In order to create a variety of wheeling paths among suppliers and customers, rotary condensers at nodes 5 and 8 in the original test system are replaced by generators. The direction of arrows in the figure shows the direction of the power flow at a base load condition. A set of wheeling from nodes 1 and 2 at 132 KV buses to nodes 16 and 21 at 33 KV buses has been assumed. Comparisons regarding the accuracy and the amount of calculations for the sensitivity of the proposed approach and the precise calculations have been carried out, and also changes of the sensitivity by different load conditions and identification of wheeling paths have been investigated.
Sensitivity by repetitive power flow calculation
In this section, we describe an iterative numerical method for the computation of sensitivities [10] that we want to compare numerically with our proposed method. Since the purpose of wheeling path identification is to set the wheeling prices, a high accuracy in the results is required. The proposed method is accurate due to the exact power flow calculation (theoretical value can also be derived). In addition, we do not require any specific assumption, and there is no theoretical error due to modeling approximations. In the iterative method, the sensitivity is defined as follows. where OLD P denotes the load profile at the base case and NEW P is the power flow after slightly changing a control variable P Δ .
Comparison of accuracy
In this section, we compare the proposed algorithm with the iterative method described above. For the assumed wheeling from nodes 1 and 2 to nodes 16 and 21, as shown in Table 2 , sensitivity factors have been calculated by the proposed extended sensitivity method (ESM) and the above mentioned repetitive power flow calculation method (PFM). The correspondence of branch numbers and node numbers illustrated in Fig. 1 is shown in Table  1 . According to Table 2 , clearly the relative error of sensitivity by the proposed method against the exact power flow calculation is within 1.0% of the total amount of wheeling. Notice that, the sensitivity calculated in TABLE 2 is for the wheeling between two generators and two demands, which can be evaluated by the conventional sensitivity method shown in (21). In contrast to the conventional approaches (2), (3) and (9) which mainly find the wheeling path for a single contract, the proposed method can identify wheeling paths among plural generators and plural customers.
Comparison of computational time
In this section, we compare the proposed algorithm with the iterative method of Section 4.2 from the CPU time point of view. In the repetition of power flow calculation method, the larger the number of wheeling is, the larger we must repeat the power flow computations, the iteration of power flow calculation for obtaining On the other hand, it is sufficient to execute only one power flow calculation for obtaining all the sensitivities to identify each wheeling path among generators and customers for any combination when we use the proposed extended sensitivity method. Also, if generation dispatching strategies of power producer have been determined, all the sensitivities to identify each wheeling path from the power producer to all customers can be obtained by one calculation of (21). That is to say, by one power flow calculation and m 2 calculations of (21), all the sensitivities required for identifying all wheeling paths for any combination can be obtained for mgenerators n-nodes power system. Here, (21) is not repetitive a calculation unlike power flow calculation. In addition, in the actual present Japanese electrical power system, although the number of n is over several thousands, the number of m is less than 10, where m represents the number of power suppliers. On the other hand, the computational complexity of the proposed method does not depend on the number of nodes n. Therefore, the proposed method is much efficient even for a large scale system. In this paper, we compare the computational time by numerical simulation. We adopt Pentium III 800HZ CPU by using MATLAB. To identify wheeling paths from a single-generator to all consumers, CPU time of ESM (the proposed method) is 1.262 sec., in contrast to 24.535 sec. of PFM described in Section 4.2, which verifies the efficiency of the proposed method.
Comparison of the sensitivity by different load conditions
In this section, we compare the sensitivities on different conditions of loads, i.e. light load, standard load and heavy load. The results are shown in Table   11 20 30  40  50  60  70  80  90 3, where the light load and heavy load are set as 80% and 120% of the standard load, respectively. Here, the choice of light and heavy load (80% and 120%) is based on the Japanese daily load curve. According to Table 3 , the sensitivities are different depending on load conditions. Previously developed methodologies [8] [9] [10] where not able to individuate the sensitivity difference due to a different load condition, on opposite the proposed method is able to catch the influence of the load on the sensitivities as shown in Table 3 .
Wheeling Paths
In this section, we will identify the wheeling paths for the example described in 4.1. As described, the intent is to identify the wheeling path for transactions from nodes 1 and 2 to nodes 16 and 21. The rate of generation in nodes 1 and 2 may be determined using a simple ELD algorithm. It is assumed that the rate of wheeling between nodes 16 and 21 is 2:8. Since sensitivity may be assumed to be linear [11, 14] for each result A and B, 0.2A+0.8B will become the sensitivity for this numerical example. Sensitivities based on the proposed extended sensitivity method for wheeling from nodes 1 and 2 to nodes 16 and 21 are shown in Fig. 3 and the results of identifying wheeling paths are illustrated in Fig. 4 . Oriented arrows in Fig. 4 indicate wheeling paths having sensitivities higher than 0.2. The sign of sensitivities in Fig. 3 is positive when the power flow increases by increase of a specific generator output, and the correspondence of branch numbers in Fig. 3 is shown in Table 1 .
As we can see regarding wheeling from nodes 1 and 2 to nodes 16 and 21 in Fig. 4 , for node 16, main stream for this wheeling is a power flow going through nodes 1-3-4 and nodes 2-4, which merge into one at node 4 and finally those are passing through nodes 4-12-16. On the other hand, for node 21, main stream for this wheeling is a power flow going through nodes 1-3-4 and nodes 2-4, which merge into one at node 4, then a power flow going through nodes 4-6 and nodes 2-6, which merge into one at node 6, and passing along nodes 6-9-10 and 6-10 transformer and finally those are passing through nodes 10-21. 46.8% of power flow for this wheeling is passing through this path. The other stream is a power flow going through nodes 10-22 and nodes 24-22, which merge into one at node 22 and finally those are passing through nodes 22-21. From the example, it is evident that the sensitivity for each branch can be calculated for any combination of generation-load transactions with only one calculation and not four (number of total transaction: node1-16, node1-21, node2-16, node2-21) as with a conventional power flow sensitivity approach.
Conclusions
In this paper, we proposed a method to identify the wheeling paths by an extended sensitivity analysis. We show that it is possible to identify wheeling paths in any situation effectively by making use of the sensitivities calculated by this method. There is no limitation for the combination of generators and customers, such as single to single, plurality to single, single to plurality and plurality to plurality. To verify the effectiveness of the proposed method, several simulations have been conducted on the IEEE 30-node test system. The results of applications have clarified that the proposed method enables us to decide the path of any wheeling for any combination of market players in the system easily and accurately. In the future, the authors intend to apply the described method to the wheeling charges calculation problem under several market design combinations.
